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The human T-cell leukemia virus (HTLV-1) Rex protein is essential for the cytoplasmic accumulation of incompletely
spliced transcripts that code for the viral structural proteins. In this study effects of Rex on the amounts of total, spliced,
and unspliced RNA from HTLV-1 were determined. In transfected fibroblasts Rex production resulted in reduced amounts
of spliced RNA and increased quantities of unspliced RNA in the nucleus. However, the total amount of viral RNA was not
affected and the stability of spliced transcripts was not changed, thus indicating that only the rate of splicing was reduced.
Rex action also reduced splicing in immortalized human cord blood T-cells. However, the total amount of viral transcripts
and the stability of unspliced RNA in these cells were also increased in the presence of Rex. This indicates that Rex also
prevents the degradation of unspliced transcripts in T-cells. The changes in the relative amounts of spliced and unspliced
RNA induced by Rex were observed not only in the cytoplasm but also in the nucleus. Thus Rex affects the nucleocytoplasmic
transport, splicing, and stability of HTLV-1 RNA in the nucleus. These observations may suggest that Rex directs the
unspliced viral RNA to the cytoplasm via a nuclear compartment that is not accessible to splicing and degradation factors.
q 1996 Academic Press, Inc.
INTRODUCTION lymphokine, lymphokine receptor, and transcription fac-
tor genes and induces deregulation of host cell replica-
Human T-cell leukemia virus (HTLV-1) (Poiesz et al.,
tion (for review see Cullen, 1992; Grassmann et al., 1994).
1980) causes a fatal malignancy of T-lymphocytes and a
Rex is a 27-kDa protein which is required for the cyto-
chronic neurologic disorder (Gessain et al., 1985; Hinuma
plasmic accumulation of incompletely spliced viral mRNAet al., 1981; Osame et al., 1986; Yoshida et al., 1982). In
(Inoue et al., 1987; Kiyokawa et al., 1985). The action ofvitro, the virus can stimulate human T-cells to indefinite
Rex depends on three domains, which function in theproliferation (Popovic et al., 1983; Yamamoto et al., 1982).
protein’s specific binding to viral RNA (Bogerd et al., 1991;In contrast to other leukemogenic retroviruses, the ge-
Grassmann et al., 1991), its multimerization (Bogerd andnome of HTLV-1 has a more complex organization as it
Greene, 1993; Bogerd et al., 1991; Weichselbraun et al.,contains nonstructural regulatory genes in addition to
1992a), and its interaction with a cellular cofactor (Bogerdgenes coding for the virion structural proteins. These
et al., 1995; Hope et al., 1991; Ruhl et al., 1993; Weichsel-regulatory proteins control and regulate expression of all
braun et al., 1992b). The coupling to this factor mediatesviral genes (for review see Cullen, 1992). The proviral
nuclear export (Fischer et al., 1995). An arginine-rich nu-genome is expressed as three major mRNA species,
clear localization signal is an indispensable part of thewhich are derived from the primary transcript by differen-
RNA binding domain (Grassmann et al., 1991; Hammestial splicing. Doubly spliced RNA species, from which all
and Greene, 1993). The Rex protein recognizes a stem –introns are removed, are translated first. These encode
loop structure within a cis-acting RNA element (RexRE)two regulatory proteins, Tax and Rex, which are trans-
located at the 3* end of all viral transcripts (Bogerd etlated from overlapping open reading frames (Seiki et al.,
al., 1991, 1992; Gro¨ne et al., 1994; Hanly et al., 1989; Seiki1985; Sodroski et al., 1984). Viral structural proteins are
et al., 1988; Toyoshima et al., 1990). Specific binding oftranslated from mRNAs which retain intron structures.
Rex to this element closely correlates with its function.Their expression in the late phase of the viral life cycle
The mechanism by which the RexRE–Rex interactionsrequires the presence of Tax and Rex.
culminate in the synthesis of viral structural proteins hasTax is a 40-kDa protein that efficiently stimulates
been addressed by studying the intracellular distributionHTLV-1 transcription (Cann et al., 1985; Sodroski et al.,
of RNAs transcribed from indicator plasmids containing1984). Additionally, Tax activates cellular promoters of
RexRE DNA (Hanly et al., 1989; Inoue et al., 1991). These
experiments demonstrated that Rex stimulates the1 To whom correspondence and reprint requests should be ad-
nucleocytoplasmic transport of incompletely spliceddressed. Fax: //49-9131-856493; E-mail: rfgrassm@viro.med.uni-
erlangen.de. HTLV-1 and HIV-1 RNA. This study examined whether
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Rex-mediated nuclear export has consequences on RNA Cell culture and DNA transfection
stability and the relative amounts of spliced and un-
The Rex effect on spliced and unspliced HTLV-1 tran-spliced transcripts, which could in part account for its
scripts was analyzed in transiently transfected COS-7regulatory effects. We examined the quantities of spliced
cells and in the T-cell lines TRI-1 and TAXI-1. The latterand unspliced HTLV-1 RNA and the stability of these
were generated by immortalization of human cord bloodRNA species in permanently transformed human T-cell
lymphocytes by Tax expressed from two rhadinoviruslines and transiently transfected cells. Our results dem-
recombinants (Grassmann et al., 1992). These containonstrate that Rex activity results in large increases in the
HTLV-1 expression cassettes derived from plasmidsamounts of unspliced viral RNA by reducing the rates of
pdsph (rex0) and pH1SL (rex/) and a neor gene underintron excision and degradation in the nucleus.
the transcriptional control of SV-40 signals. The HTLV-1
expression cassettes persisting in the cell lines TRI-1
MATERIAL AND METHODS and TAXI-1 are identical with the exception of the rex
start codon which is deleted in cell line TAXI-1. According
Plasmid construction to surface marker analysis both cell lines have the same
phenotypes and closely resemble HTLV-1-immortalizedThe plasmids used for the investigation of the Rex
CD4/ T-lymphocytes (Grassmann et al., 1992). The ex-effect on the HTLV-1 RNA were derived from the plasmid
pression cassettes in these cells produce a primarypH1SL (Grassmann et al., 1992). It contains the 3* part
HTLV-1 transcript that can be spliced into the rex/taxof the HTLV-1 provirus starting at a HindIII site close to
mRNA. The two cell lines TRI-1 (rex/) and TAXI-1 (rex0)the 3* end of the pol gene. A part of the env gene (0.8
were cultured in RPMI-1640 medium supplemented withkb SalI/XhoI fragment) is deleted. The plasmid can ex-
10% fetal calf serum (FCS) and 20 U/ml recombinant in-press the 40-kDa Tax and the 27-kDa Rex proteins. To
terleukin-2 (Boehringer, Mannheim). The monkey kidneyallow the removal of the HTLV-1 sequences with the
cell line COS-7 was maintained in minimal essential me-exception of the LTR which encodes the RexRE, a SacI
dium supplemented with 5% FCS. These cells werelinker was inserted into an AatII site downstream of
transfected using the DEAE-dextran chloroquine methodthe tax open reading frame. The HTLV-1 sequence with-
(Cullen, 1987). Dishes of 10-cm diameter wereout the LTR was isolated from this plasmid as a XhoI/
transfected with 4 mg of pCMVdsphtk or pCMVH1tk deri-SacI fragment and was inserted between the SalI/SacI
vates. To control transfection efficiency, 10% of the cellssites of plasmid pIC19tkterm immediately upstream of
were lysed 2 days after transfection in 400 ml extractionthe polyadenylation signals present in this plasmid
buffer (4.7 M urea, 1.3% SDS, 0.23 M NaCl, 0.67 mM(dHISLtkterm) (Alt and Grassmann, 1993). The resulting
EDTA, 6.7 mM Tris, pH 8.0). The total cellular DNA wasplasmid, which was named pHISLtkterm, is capable of
prepared by phenol treatment and ethanol precipitationexpressing Tax and Rex proteins. DNA encoding a com-
and digested with HindIII/EcoRI. The correspondingplete RexRE or four copies of a RexRE-derived stem –
Southern blots were hybridized to a tax-specific probe.loop structure (nt 463 –540) was prepared from
pKSRRX25/26 and pGEMD4, respectively (Gro¨ne et al., RNA extraction and analysis
1994). These fragments were inserted into the SacI/BglII
sites located between HTLV-1 sequences and the poly- The total RNA was isolated by the guanidium thiocya-
nate–phenol–chloroform method described by Chom-adenylation signals of plasmid pH1SLtkterm. Subse-
quently the HTLV-1 sequences in combination with the cynski and Sacchi (1987). To prepare nuclear and cyto-
plasmic RNA from the cell line COS-7, cells were scrapedtermination signals were introduced into the EcoRI and
HindIII restriction sites of the expression vector pBC12/ and gently resuspended in a hypotonic buffer (10 mM
HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA,CMV (Cullen, 1986). This vector contains the immediate
early promoter of the human cytomegalovirus (CMV) and 1 mM DTT). To lyse the plasma membrane, 0.6% NP-40
was added and the suspension was virgorously mixed.a simian virus (SV-40) origin of DNA replication for high
expression in COS-7 cells. The resulting plasmids were The nuclei were recovered by 1 min of centrifugation
at 15,000 g. The resulting supernatant containing thetermed pCMVH1tk, pRexRRX, and pRexD4. These plas-
mids were shown to synthesize functional Tax protein as cytoplasmic cell fraction was clarified by a second cen-
trifugation step (1 min, 15,000 g). To prepare RNA, thethey could transactivate the HTLV-1 promoter in transient
assays. Similar plasmids that differ only in the capacity same volume of RNA extraction buffer (7 M urea, 1% SDS,
0.35 M NaCl, 20 mM EDTA, 10 mM Tris, pH 7.5) wasto express Rex were constructed. The same cloning strat-
egy was used starting with pdsph (Grassmann et al., added; the mixture was subsequently extracted with 2
volumes phenol–chloroform (1:1) and precipitated with1992), a mutant of pH1SL, in which the start codon of
the rex open reading frame was deleted. The resulting 2 volumes ethanol (Gough, 1988). The cytoplasmic RNA
prepared by this method did not contain detectable 45Splasmids pCMVdsphtk, pRRX, and pD4 were described
previously (Gro¨ne et al., 1994). and 32S rRNA precursors as was verified in ethidium
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bromide-stained denaturing agarose gels. The nuclei of more times in independent experiments without signifi-
cant differences in the result.the COS-7 cells were washed with hypotonic buffer with-
out detergent and PBS. As shown by phase-contrast mi-
croscopy in the presence of 2.5% trypan blue, the lysis RESULTS
of the outer membrane was complete and the resulting
Rex prevents the excision of intronic sequences from
nuclei were intact. The RNA from the nuclei was ex-
HTLV-1 RNA
tracted with the guanidinium thiocyanate–phenol–chlo-
roform method (Chomczynski and Sacchi, 1987). The hu- To investigate whether Rex influences the overall
abundance of spliced and unspliced transcripts, theseman lymphoid cells TRI-1 and TAXI-1 were fractionated
with isotonic buffer (10 mM Tris–HCl, pH 7.4, 2 mM RNA species, which do or do not contain the RexRE,
were quantitated in the presence and absence of Rex inMgCl2 , 0.14 M NaCl) containing 0.5% NP-40. The nuclei
were pelleted by centrifugation at 500 g for 5 min at 47. transient expression assays. The constructs used con-
tain sequences of the 3* half of the HTLV-1 provirusThe cytoplasmic RNA in the supernatant was prepared
as described above. The nuclei were washed twice with including both coding exons of the doubly spliced mRNA,
the authentic splice sites, and a truncated env open read-PBS and the nuclear RNA was extracted.
To determine the decay rates of the HTLV-1 RNAs in ing frame (Fig. 1). One plasmid (pCMVH1tk) does not
contain RexRE coding sequences and was used as athe presence and in the absence of Rex expression, RNA
polymerase II-dependent de novo transcription was in- negative control. DNA segments representing the com-
plete natural RexRE or alternatively four copies of thehibited by adding actinomycin D (5 mg/ml) to the culture
medium. At different times after drug addition the total minimal Rex binding site were inserted between the 3*
end of the tax open reading frame and the poly(A) signalRNA was isolated and analyzed by Northern blot hybrid-
ization. The estimates of transcript stability are based on of this plasmid to obtain pRexRRX and pRexD4. A rex0
variant of each of these plasmids was obtained by delet-the quantitative evaluation of different exposures of each
Northern blot by laser densitometric scanning. Prior to ing four nucleotides including the start codon of the rex
open reading frame. Depending on the amount of RexREslot blot analysis, the RNA was denatured in 101 SSC
and 2.2 M formaldehyde at 657 for 10 min. The RNA DNA present in the HTLV-1 sequences (Fig. 1), these
constructs were transcribed into primary transcripts ofsamples were serially diluted in the denaturing buffer
and blotted onto nylon filter with a slot blot manifold 3.8–4.2 kb which are spliced into 2.0- to 2.4-kb mRNA
species.(Gibco). The RNA was fixed on the nylon filter at 807 for
2 hr. The radioactive probes were labeled by the random- COS-7 cells were used for the analysis of Rex effects
because of the low levels of intranuclear degradation ofpriming method. To obtain a clean probe for intron-con-
taining HTLV-1 transcripts, the PvuII/HpaI fragment of intron-containing retroviral transcripts in comparison to
those in T-cells (Malim and Cullen, 1993). They werepdsph was subcloned into the SmaI site of Bluescript
(SK) (Stratagene, La Jolla, CA). The intron-specific BamHI/ transfected with pRRX (rex0) and pRexRRX (rex/) and
total cellular RNA was extracted. Serial twofold dilutionsEcoRI fragment from the resulting plasmid (pBSKIIintron)
provided a specific probe for the detection of unspliced of RNA were transferred to nylon filters. The resulting
blots containing both RNAs were hybridized with themRNA. The probe used for the detection of both species
of HTLV-1 RNA was cDNA of the tax/rex RNA isolated pctax probe, an intron-specific probe, and a probe recog-
nizing mRNA of the ubiquitously transcribed genefrom pctax by HindIII/EcoRI digestion. Specific probes for
the detection of GAPDH (glyceralaldehyde-3-phosphate GAPDH as an internal control (Fig. 2). The experiments
demonstrated that the total amount of viral RNA and thusdehydrogenase) and neo transcripts were obtained by
digestion of plasmids pSVneo (Grassmann et al., 1989) the degradation rate of HTLV-1 transcripts was not af-
fected by the presence of Rex (Figs. 2 and 3A). In con-with BamHI/HindIII and pGAPDH with PstI, respectively.
The hybridization signals were quantified by scanning of trast, the level of unspliced RNA in the same RNA prepa-
rations detected by the intron-specific probe was ele-autoradiographs exposed for different times with a laser
densitometer (LKB Ultro Scan XL). For quantitative evalu- vated sixfold in the presence of Rex (Fig. 2). These results
imply a compensatory decrease in the amount of splicedation of the slot blot experiments a series of three figures
in a linear range was selected from each RNA and the transcripts.
To show that Rex reduces the amount of spliced RNA,mean values were determined. This complex procedure
was chosen to avoid mistakes resulting from threshold and that the influence of Rex on the levels of the individ-
ual transcripts are RexRE-specific, COS-7 cells wereand saturation effects of the X-ray film and membrane.
Additionally in some experiments the radioactivity bound transfected with the indicator plasmids (pCMVH1tk,
pRexRRX, pRexD4) and their rex-deficient counterpartson the filters was measured directly by phosphorimaging.
The results obtained from both techniques did not differ and total RNA was harvested. Several Northern blots as
shown in Fig. 3B demonstrate that the amounts of splicedsignificantly. All quantitative transcript analyses were
done a minimum of two times, most of them three and and intron-containing transcripts are strongly influenced
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pare lanes RRX/0 and —/0). A pattern of HTLV-1 tran-
scripts similar to that observed from the Rex-deficient
plasmids resulted from the transfection of the plasmid
pCMVH1tk (Fig. 3B, —//). The plasmid is capable of
expressing rex but lacks the RexRE element. This indi-
cated that the Rex effect on the RNA pattern observed
in this system is dependent on specific binding of the
Rex protein to the HTLV-1 transcript. All transcripts de-
tected in the Northern analyses were polyadenylated as
they could be demonstrated within poly(A)/ RNA (data
not shown). The same effect on unspliced RNA was also
observed when the rex gene was added in trans by co-
transfection of plasmids pD4 and pCMVdsphtk with the
rex expression construct pcRex (Gro¨ne et al., 1994). To
exclude a direct effect of rex on the stability of the spliced
transcripts, RNA synthesis was blocked by actinomycin
D. Total cellular RNA was extracted after different time
intervals and subjected to Northern analysis. Although
there was a clear increase in the abundance of spliced
RNAs in the absence of Rex, there was no difference in
the stability of these transcripts (Fig. 3C). In summary
these observations clearly show that Rex function in-
creases the amount of unspliced RNA at the cost of
spliced RNA in a RexRE-dependent manner in this sys-
tem. This indicates that Rex either directly or indirectly
suppresses the generation of intron-less transcripts.
FIG. 1. Schematic presentation of the HTLV-1-derived reporter plas-
To determine the effect of Rex on the two classes ofmids used to detect Rex function. The proviral HTLV-1 genome includ-
transcripts in the nucleus and cytoplasm, RNA was iso-ing main open reading frames as well as the relevant splice donor (SD)
and splice acceptor (SA) sites are shown. The expression plasmids are lated from fractionated cells (Fig. 4). The pattern detected
derived from the 3* half of the provirus as indicated. Two variants of in the cytoplasm is characterized by the presence of the
each construct were prepared: one that expresses Rex (rex/) and unspliced RNA only in the presence of Rex and a func-
another in which Rex expression is prevented by deletion of the corre-
tional Rex binding site (Fig. 4, D4//, RexRE//). Splicedsponding initiation codon (rex0). The expression cassettes derived
RNA is found in all experiments; its amount, however,from plasmids pH1SL and pdsph were used for the establishment of
the human cell lines TRI-1, TAXI-1, and TAXI-3. In constructs pCMVH1tk
and pCMVdsphtk, the LTR is replaced by the polyadenylation signal of
the thymidine kinase gene of herpes simplex virus (tk). Plasmids
pRexRRX, pRRX, pRexD4, and pD4 were derived from these plasmids
by insertion of sequences coding full-length RexRE or four copies of
stem–loop D of the RexRE (D4). All reporter constructs give rise to a
primary full-length transcript and a spliced derivative. The hybridization
probe used is indicated below the plasmid constructions.
by the presence of Rex and RexRE. Transfections of all
rex0 plasmids resulted in a similar pattern of RNAs. As
estimated from densitometric scannings, 70 to 90% of
the HTLV-1 transcripts found in these cells are spliced. In
contrast, transfection of plasmid pRexRRX (rex/) yielded
RNA preparations which predominantly contained intron-
FIG. 2. Rex effects on the abundance of HTLV-1 RNA. Total RNAcontaining transcripts (Fig. 3B, RRX//). Less than 5% of
was extracted from stably infected T-cell lines and transfected COS-7
the HTLV-1 RNA detected was completely processed. cells. Equal amounts were serially twofold diluted and transferred to
The same relation of spliced to unspliced transcripts was nylon membranes. Filters with RNA from cells containing rex/ and
rex0 reporter constructs were hybridized with the pctax probe to detectpresent in transfections with plasmid pRexD4, which con-
all transcripts derived from the expression cassettes (total), an intron-tained four copies of the isolated Rex binding site (Fig.
specific probe for the detection of unspliced HTLV-1 RNA, and a GAPDH3B, D4//). Plasmid pCMVdSph (no RexRE) resulted in
probe. The radioactive signals were quantitated by densitometric scan-
fewer unspliced transcripts than the construct containing ning of autoradiographs. The mean value of three signals in a linear
the RexRE, suggesting that this RNA element in cis may range was determined, normalized to GAPDH, and taken as the relative
RNA amount.influence the splicing or degradation rate (Fig. 3B, com-
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FIG. 3. Rex impairs splicing of HTLV-1 transcripts in transfected cells. (A) The total amounts of spliced and unspliced RNA are not influenced by
Rex. The indicator plasmids pRexRRX (rex/) and pRRX (rex0), which contain the RexRE, were transfected into COS-7 cells and total RNA was
isolated. To compare the amounts of all expression cassette-derived transcripts 5 mg RNA of both transfected cell cultures was serially twofold
diluted, transferred onto a nylon filter using a slot blot manifold, and hybridized with the pctax probe. (B) Amounts of spliced and intron-containing
RNAs are strongly influenced by Rex. The same RNAs and RNA prepared from cells transfected with the reporter plasmids pCMVH1tk (rex/) and
pCMVdsphtk (rex0), which do not contain RexRE sequences, and those containing four copies of the stem–loop D (D4) were subjected to Northern
blot analysis. The unspliced and spliced transcripts were detected by the pctax probe. According to its size, a third transcript detected in some of
the RNAs is an alternatively spliced product using the splice acceptor at position 6383 (Ciminale et al., 1992; Koralnik et al., 1992). (C) The degradation
rate of spliced RNA is not influenced by Rex. COS-7 cells were transfected with the same plasmids and transcription was blocked by adding
actinomycin D for the times indicated. Total RNA was subjected to Northern blot analysis and spliced transcripts were detected by a cDNA probe.
Two autoradiographs of the same Northern blot with different exposure times are presented. The comparativly strong intensity of signals obtained
in the presence of Rex result from prolonged exposure.
is largely increased in the absence of Rex and RexRE.
Unspliced transcripts were detectable after transfection
of all expression cassettes in nuclear RNAs (Fig. 4). The
amount of these transcripts, however, was significantly
increased relative to the internal control, when Rex and
functional RexRE were present; the amount of spliced
RNA coincidently was reduced relative to the internal
control (Fig. 4, nuclear, RexRE//, D4//). Therefore, the
Rex-induced changes of the nuclear RNA pattern may in
part account for the changes observed in the cytoplasm.
The experiment confirms that Rex is required for nucleo-
cytoplasmic transport of unspliced RNA and that within
the nucleus the unspliced RNA is protected from intron
excision.
Rex prevents the degradation and splicing of HTLV
RNAs in transformed T-cells
To analyze the effect of Rex on the levels of spliced
and unspliced HTLV-1 RNA in its natural host cell, human
T-cell lines were investigated. The three cell lines used
(TRI-1, TAXI-1, TAXI-3) were established by transduction
FIG. 4. Rex affects the amounts of unspliced HTLV-1 RNA in the of primary human cord blood lymphocytes with HTLV-1
nucleus. Plasmids pCMVH1tk (rex/) and pCMVdsphtk (rex0) con-
sequences using Herpesvirus saimiri as vectortaining no RexRE, full-length RexRE (pRexRRX, pRRX), or four copies
(Grassmann et al., 1992). These lines were chosen sinceof stem–loop D (pRexD4, pD4) were transfected into COS-7 cells. RNA
was harvested from nuclear and cytoplasmic fractions. Nuclear (5 mg) they all closely resemble HTLV-1-infected human T-cells
and cytplasmic (10 mg) RNA was separated on a denaturing agarose with respect to surface marker expression and levels of
gel. The cell fractionation was verified by ethidium bromide staining of HTLV-1 RNA present. They also contain episomal copies
the 32S rRNA precursor in the nuclear fraction (bottom). The RNA was
of recombinant herpesvirus DNA in similar numbersanalyzed by Northern blot hybridization. The spliced and the unspliced
(Grassmann et al., 1992). The HTLV-1 sequences presentHTLV-1 transcripts were detected by the pctax probe (top). Equal load-
ing was confirmed by cohybridization with a GAPDH-specific probe. in the vector were similar to those analyzed in COS-7
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increased in the presence of Rex (Fig. 6,/Rex/n, 0Rex/n).
According to quantitation with phosphorimaging, levels
of spliced RNA were about 40% of total HTLV-1 tran-
scripts in the absence of Rex (Fig. 6, 0Rex/n), whereas
these transcripts were barely detectable in the presence
of Rex (Fig. 6, /Rex/n). In summary, the RNA pattern in
the nucleus closely resembled the pattern of total cellular
RNA, with high amounts of unspliced and low amounts
of spliced transcripts. This observation suggests that the
intron-containing RNA is protected from splicing within
the nucleus of T-cells.
To determine the stability of HTLV-1 transcripts, actino-
mycin D was added and total RNA was extracted after
different time intervals. Northern blot analyses and densi-
tometric scanning of the autoradiographs revealed the
stabilities of the different RNA species (Fig. 7A). These
were about 10 hr for the spliced and less than 1 hrFIG. 5. The expression of Rex results in increased amounts of un-
spliced and reduced amounts of spliced transcripts in human T-cells. for the unspliced transcript in the rex0 cell line TAXI-1.
Total RNA of TRI-1 (rex/) and TAXI-1 (rex0) cells was separated on However, the half-life of the intron-containing transcripts
a 1% agarose gel containing formaldehyde. The gel was blotted onto in the presence of Rex was estimated to be 10 hr, at
a nylon filter and the filter was hybridized with a mixture of probes
least 10 times higher than in the rex0 cells. The stabilityspanning the tax gene (pctax) and the internal control gene GAPDH.
of the spliced transcript was not affected by the presenceA similar pattern of spliced and unspliced transcripts was observed
when the expression cassettes which are present in these T-cell lines of Rex. The same half life was found for the env transcript
were transfected into COS-7 cells. in the HTLV-1-infected cell line C-91PL (data not shown).
These observations clearly demonstrate that Rex stabi-
lizes unspliced HTLV-1-derived transcripts in T-cells.
cells (Fig. 1). Although almost identical, the cell lines To determine whether this stabilization is caused by
differ according to their potential to express Rex protein. the increased transport rate of RNA to the cytoplasm, we
Whereas TRI cells were rex/, the cell line TAXI was not analyzed the stability of unspliced RNA in nuclear and
capable of synthesizing the Rex protein. Northern blot
analysis of total RNA isolated from cell lines TRI-1, TAXI-
1, and TAXI-3 revealed that Rex influenced the pattern
of HTLV-1-derived transcripts. Similar to transiently
transfected COS-7 cells, much higher amounts of intron-
containing and smaller amounts of spliced HTLV-1 tran-
scripts were detected in Rex-expressing cells (Fig. 5,
/Rex) than in the rex0 cells (Fig. 5, 0Rex). These obser-
vations were highly reproducible; more than five RNA
preparations from these cells isolated over a time period
of more than 3 years resulted in the same RNA patterns.
Quantitative evaluation of Northern blot hybridizations
additionally revealed that the spliced RNA was reduced
in the presence of Rex relative to the amount of the
internal standard to about 1/3 (Fig. 5), indicating that
splicing was avoided in T-cells. To determine the subcel-
lular distribution of the HTLV-1 transcripts in TAXI-1 and
TRI-1 cells, RNA was isolated from cytoplasmic and nu-
clear fractions (Fig. 6). Similar to transfected COS-7 cells,
patterns observed in the cytoplasm were characterized
by the exclusive presence of unspliced RNA in cells ex- FIG. 6. Rex expression affects the intranuclear abundance of spliced
pressing Rex (Fig. 6, /Rex/c). Spliced RNA was found in and unspliced HTLV-1 transcripts and activates nuclear export of intron-
containing HTLV-1 RNA in human T-cells. Cytoplasmic (c) and nuclearthe cytoplasmic fractions of both cell lines. However,
(n) RNA of TRI and TAXI cells was separated on a denaturing agarosetheir amounts were increased significantly in the ab-
gel and transferred onto a nylon filter. To detect the spliced and un-
sence of Rex (Fig. 6,0Rex/c). Unspliced transcripts were spliced HTLV-1 RNA by Northern blot, the pctax probe was used (top).
detected in nuclear RNA of both cell lines, but the ratio of The cell fractionation was confirmed by ethidium bromide staining of
the corresponding gel (bottom).unspliced to spliced nuclear transcripts was significantly
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FIG. 7. Increased stability of unspliced HTLV-1-derived transcripts in human T-cells expressing Rex. (A) The human T-cell lines TRI-1 (rex/) and
TAXI-1 (rex0) were incubated in the presence of actinomycin D (5 mg/ml). Total RNA was isolated either before (0) or 1, 3, 5, 8, 10, 20, and 30 hr
after addition of the compound as indicated and was subjected to Northern blot analysis. The unspliced and spliced HTLV-1 transcripts were
detected by a probe spanning the 3* part of the proviral genome. Based on this and two other independent experiments the half-life times of the
unspliced transcripts were estimated to be 1 hr (TAXI-1) and 10 hr (TRI-1). The half-life time of the spliced transcript was determined to be 10 hr
in both cell lines. (B) Stabilization of intron-containing RNA in the nucleus of Rex-expressing cells. Nuclear RNA was isolated from cell TRI-1 (rex/)
at the different indicated times after addition of actinomycin D. The RNA was subjected to Northern analysis using an intron-specific probe. Unspliced
RNA was quantitated by phosphorimaging and standardized by comparison to an internal control (GAPDH).
cytoplasmic fractions of rex-expressing T-lymphocytes the stability of spliced RNA, the increased levels of total
HTLV-1-related RNA were due to protection of unsplicedrelative to an internal control (GAPDH). In the nucleus,
unspliced transcripts turned out to be even more stable transcripts from degradation. In the rex-expressing TRI-
1 cells the level of intron-containing transcripts was ele-than the reference transcripts. In fact, the ratio of un-
spliced RNA relative to GAPDH RNA was elevated two- vated 20-fold in comparison to TAXI-1 cells which lack
Rex (Fig. 2, T-cells, unspliced RNA). This high amount offold 8 hr after addition of actinomycin D (Fig. 7B). In the
cytoplasm the content of unspliced transcripts was about unspliced RNA in the presence of Rex can only be ex-
plained by the additive effects of avoiding the excision50% 8 hr after addition of actinomycin D. This experiment
shows that unspliced RNA is stabilized in the nucleus of of intron sequences and protecting this RNA from degra-
dation. These cooperative effects are probably importantRex-expressing T-cells.
To investigate the increased stability of the intron-con- for the efficient expression of viral structural proteins.
taining transcripts in the presence of Rex, the expression
of total and intron-containing HTLV-1-derived RNA was DISCUSSION
quantitated. Total cellular RNA was extracted from the
cell lines TRI-1 and TAXI-1. The content of HTLV-1 tran- Rex is known to increase the amount of incompletely
spliced RNAs in the cytoplasm of infected cells, thusscripts was determined by slot blot hybridizations of seri-
ally 2-fold diluted RNA. Filters with RNA from both cell allowing the translation of structural HTLV-1 proteins
(Gro¨ne et al., 1994; Hanly et al., 1989; Hidaka et al., 1988;lines were incubated with the pctax probe, an intron-
specific probe, an internal standard probe (GAPDH), and Inoue et al., 1987). Here we demonstrate that Rex not
only affects subcellular distribution of intron-containingthe neomycin phosphotransferase (neo) probe. The latter
was chosen since the corresponding gene is present in HTLV-1 transcripts, but also strongly increases the total
content of this type of viral RNA in transfected fibroblaststhe genome of each of the recombinant herpesviruses,
thus indirectly allowing the comparison of the gene dos- and in infected T-cells. In this way it could contribute to
the efficient synthesis of structural proteins. The increaseage. Densitometric scanning of several exposures re-
sulting from different experiments revealed no difference in the steady-state level of intron-containing transcripts
could be explained by intranuclear protection of RNAin the amount of neor mRNA in the two lines. Thus, the
copy numbers of recombinant herpesvirus genomes are from degradation and splicing.
The T-cell lines used are human cord blood lympho-approximately equal in these cell lines. The total amount
of spliced and unspliced RNA was found to be four times cyte-derived cultures, which were immortalized using the
HTLV-1 tax gene transduced by a herpesvirus vector.greater in the Rex-expressing cell line than in Rex-defi-
cient T-cells (Fig. 2, T-cells, total RNA). This result indi- They are almost identical to T-cells infected by HTLV-1
in respect to surface marker expression and thereforecated that in human T-cells which do not synthesize Rex,
HTLV-1-derived RNA is degraded more rapidly than in provide an experimental system most closely resembling
HTLV-infected lymphocytes. These cells have no detect-rex-expressing T-cells. Since Rex prolonged the half-life
of intron-containing transcripts and had no influence on able differences in phenotype and growth behavior and
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contain HTLV-1-derived expression cassettes similar to scripts. The prevention of degradation is a nuclear effect
since unspliced RNA is stable for 8 hr in the nucleus.those analyzed in the transient assays (Grassmann et
al., 1991). The HTLV-derived sequences within these Rex might also stabilize unspliced transcripts in COS-7
cells. The very high amount of RNA expression in thesecells are identical with the exception of the absence or
presence of a 4-bp deletion including the start codon of cells, however, may preclude the detection of this activity.
Rex-mediated stabilization in addition to the anti-splicethe Rex open reading frame which results in a rex/ or
a rex0 genotype. Upon lytic infection with recombinant effect could explain why nuclear increases of intron-con-
taining transcripts are stronger in normal fibroblasts thanvirus these expression cassettes give rise to a similar
pattern of HTLV-1 RNA as observed in the T-cells in COS-7 cells (Inoue et al., 1991). A similar effect on the
stability of viral unspliced RNA but not the effect on intron(Grassmann et al., 1992). Therefore the clear difference
in the amounts of spliced and unspliced transcripts in excision was found to be exerted by the HIV-1 regulator
protein Rev in human T-cells (Malim and Cullen, 1993;these cells is clearly due to rex expression.
Rex synthesis resulted specifically, and in a RexRE- Felber et al., 1989). Since Rev und Rex are assumed to
function in a similar way on RNA export this apparentdependent manner, in increased amounts of intron-con-
taining and reduced amounts of spliced HTLV-1 tran- difference between the two viruses is probably due to
features of the unspliced RNA (e.g., splice signals). Splicescripts. Upon transfection into COS-7 cells the content
of total indicator plasmid-derived RNA and the stability signals indeed have been shown to be important for
both Rev and Rex regulation (Chang and Sharp, 1989;of spliced RNA were not affected by Rex expression, thus
indicating that in this system Rex acts by increasing the Hammarskjold et al., 1989, 1994; Seiki et al., 1988).
The Rex effects observed may be explained by directamount of unspliced RNA at the cost of spliced RNA.
This observation clearly demonstrates that the changes interaction of Rex with components of the spliceosome
acting on its dissociation from the primary transcript.in the amounts of the individual RNA species could not
be caused by cytoplasmic accumulation or stabilization One component of the early spliceosome ASF/SF2 is
complexed to a protein which is also binding to the Rexof the unspliced transcript. In accordance with the avoid-
ance of the intranuclear splicing process, Rex induced protein (Luo et al., 1994). Splicing factors can act as
destruction factors (Burgess and Guthrie, 1993) and thusincreased amounts of intron-containing HTLV-1 se-
quences and decreased levels of spliced RNA in the explain the prevention of degradation. Alternatively, Rex
could direct the intron-containing transcript into an exportnuclear fraction of the transfected COS-7 cells and re-
sulted in strongly reduced amounts of spliced RNA in pathway competing with or protecting from spliceosome
formation. This interpretation is likely since Rex is knownthe nucleus of the T-cells. The congruent results from
both experimental systems strongly suggest that avoid- to contain a nuclear export signal, which binds to a factor
structurally resembling nucleoporins (Bogerd et al., 1995;ance of intron excision is one effect by which Rex regu-
lates HTLV-1 gene expression in vivo. It could explain Stutz et al., 1995; Fischer et al., 1995). The protection of
intron-containing RNA from splicing and degradationseveral Rex effects observed earlier. The cytoplasmic
appearance of completely spliced RNA was found to be may hint at a specific nuclear compartment into which
Rex function temporarily moves unspliced RNA on its waydecreased by Rex in trans in transfection assays using
proviral DNA or derived constructs (Hidaka et al., 1988; to the cytoplasm. In this potential transport compartment,
RNA would be protected from interaction with splicingInoue et al., 1987). In accordance with reduced genera-
tion of spliced RNA, which encodes the Tax protein, it and degradation factors. Therefore both inhibition of deg-
radation and avoidance of splicing could be explainedwas shown that Rex in trans can reduce Tax protein
synthesis in a dose-dependent manner (Dokhelar et al., by protection of this RNA from interaction with splicing
and degradation factors.1989).
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